We extend the Standard Model (SM) by adding a pair of fermionic SU (2)-doublets with opposite hypercharge and a fermionic SU (2)-triplet with zero hypercharge. We impose a discrete Z 2 -symmetry that distinguishes the SM fermions from the new ones. Then, gauge invariance allows for two renormalizable Yukawa couplings between the new fermions and the SM Higgs field, as well as for direct masses for the doublet (M D ) and the triplet (M T ). After electroweak symmetry breaking, this model contains, in addition to SM particles, two charged Dirac fermions and a set of three neutral Majorana fermions, the lightest of which contributes to Dark Matter (DM). We consider a case where the lightest neutral fermion is an equal admixture of the two doublets with mass M D close to the Zboson mass. This state remains stable under radiative corrections thanks to a custodial SU (2)-symmetry and is consistent with the experimental data from oblique electroweak corrections. Moreover, the amplitudes relevant to spin-dependent or independent nucleus-DM particle scattering cross section both vanish at tree level. They arise at one loop at a level that may be observed in near future DM direct detection experiments. For Yukawa couplings comparable to the top-quark, the DM particle relic abundance is consistent with observation, not relying on co-annihilation or resonant effects and has a mass at the electroweak scale. Furthermore, the heavier fermions decay to the DM particle and to electroweak gauge bosons making this model easily testable at the LHC. In the regime of interest, the charged fermions suppress the Higgs decays to diphoton by 45-75% relative to SM prediction. *
Introduction
Motivated by astrophysical observations that suggest the existence of Dark Matter [1] , we would like to propose a model with a fermionic Weakly Interacting Massive Particle (WIMP) (χ 0 1 ) whose mass and couplings are directly associated to electroweak scale providing the universe with the right thermal relic density abundance, not "tuned" by co-annihilation or resonance effects. Today, as opposed to five years ago, attempts of this sort immediately face difficulties due to strong experimental bounds [2, 3] 1 from direct searches on nucleus recoiling energy in WIMP-nucleus scattering processes [5] . As a result, Z-and Higgs-boson couplings to χ 0 1 -pairs are strongly constrained and usually come into conflict with values of couplings required from the observed [6] DM relic abundance. We therefore seek for a model at which, at least at tree level, these couplings vanish by a symmetry and at the same time the observed relic density is reproduced. We then discuss further consequences of this idea at Large Hadron Collider (LHC).
We consider a minimal model which realises this situation, hence, in addition to Standard Model (SM) particles, we add a pair of Weyl-fermion doubletsD 1 ∼ (1 c , 2) −1 and D 2 ∼ (1 c , 2) +1 with opposite hypercharges, and a Weyl-fermion triplet T ∼ (1 c , 3) 0 with zero hypercharge. The new Yukawa interactions allowed by gauge invariance and renormalizability are given by 2
with τ being the Pauli matrices. A Z 2 -discrete parity symmetry has been employed to guarantee that the new fermions interact always in pairs. Clearly, L Yuk is invariant under the interchange symmetry H ↔ H † andD 1 ↔D 2 when Y 1 = Y 2 ≡ Y . Then, it is very easy to see that in this limit, one eigenvalue with mass M D , of the neutral (3 × 3) mixing mass matrix, decouples from the two heavier ones and the latter is degenerate with the two eigenvalues of the (2 × 2) charged fermion mass matrix. At tree level approximation, except for the lightest neutral fermion (χ 0 1 ), all other masses are controlled by the Yukawa coupling Y . The state with m χ 0 1 = M D is our DM candidate particle. This particle state contains an equal admixture of the two doublets but has no triplet component,
Because the neutral component of the triplet does not participate in |χ 0 1 , the latter does not couple to the Higgs boson at tree level. It does not couple to the Z-gauge boson neither because of its equal admixture of neutral particles with opposite weak isospin. The situation here is analogous to the custodial symmetry [7] imposed in strongly coupled EW scenarios, where the "custodian" new particles are inserted in a similar way to protect certain quarkgauge boson couplings to obtain large radiative corrections [8] [9] [10] [11] .
The couplings hχ 0 1 χ 0 1 and Zχ 0 1 χ 0 1 vanish at tree level, and as a result there are no s-channel amplitudes contributing to the annihilation cross section. However, there are off-diagonal interactions such as e.g., Zχ 0 1 χ 0 2 that render the t, u-channel amplitudes non-zero but yet 1 There are of course tantalising hints from DAMA, CoGeNT, CRESST-II and CDMS-Si experiments but these face stringent constraints from recent null result experiments like XENON100 and LUX making puzzling any theoretical interpretation of them all. For a recent review, see ref. [4] . 2 All gauge group indices are suppressed in this equation. Its detailed form is given below in eq. (2.9). GeV. It provides the correct relic density abundance for dark matter [see Section 4] and is currently about ∼ 10 times less sensitive to current direct detection searches [see Section 5] .
suppressed enough to obtain the right relic density Ω χ for M D ≈ 100 GeV and Y ≈ 1. Roughly speaking, the spectrum of the model where this happens is shown schematically in Fig. 1 . Typically, the lightest stable new particle (m χ 0 1 ≈ 110 GeV) is in the vicinity of the EW scale while all other neutral and charged fermions are above m ≡ Y v which is taken around the top quark mass. The splitting of the charged fermions is also controlled by the triplet mass (M T ). Therefore, the parameters of the model are just three: M D , M T and m.
Naively, one may think that this model is similar to the "wino-higgsino" sector of the MSSM [12] or it is an extended variant of the singlet-doublet DM model of refs. [13] [14] [15] [16] . Another obvious question is, why does one want to introduce several new fermions, since a single one (for example the triplet, as in minimal DM [17] models) suffices? The answer to these questions arise from our wish to construct a model with WIMP mass at the EW scale, and hides inside the model building details, namely: 5. Our attempt here is to find a DM candidate particle consistent with the astrophysical and collider data but with mass around the electroweak scale. Vector-like gauge multiplets that are engaged here have also been used to construct minimal DM Models (MDM) in Ref. [17] . It has been found that the masses M D or M T should lie in the few-TeV region. In our scenario, it is the chiral (Dirac) mass terms in eq. (1.1) that play the most important role. The latter are constrained from perturbativity to be several hundreds of GeV while the lower vector-like masses, M D and M T , are protected by an accidental symmetry. Finally, the production and decay phenomenology of the new fermions is very distinct from the ones in MDM models and it is relatively easy to be tested with current and near future LHC data.
Within this framework of doublet-triplet fermionic DM model that we describe in Section 2, and in particular in the region where the custodial symmetry is applied, we discuss and check constraints that include:
• An estimate of oblique corrections to electroweak observables (S, T, U parameters) [Section 3].
• DM thermal relic density calculation at tree level [Section 4].
3 In this article, we are only interested in DM mass of the order of the electroweak scale.
• Direct DM detection prospects through nucleus-DM particle scattering at 1-loop [Section 5]
• Decay rate of the Higgs boson to two photons (h → γγ) [Section 6]
• Vacuum stability and perturbativity [Section 7]
• LHC signatures, production and decays of the new fermions.
Our conclusions and various ways to extend this work are discussed in Section 9. An appendix with the explicit one-loop corrections to the hχ 0 1 χ 0 1 -vertex is given. Beyond the articles we have already mentioned, there is a reach literature regarding minimal DM extensions of the SM. A partial list is given in refs. .
Model Details
As a result of what we have already mentioned in the introduction, we scan chiral fermion matter extensions of the SM gauge group according to the following, rather obvious, assumptions for the new set of fermions: 
One can easily check that this is a gauge and gravitational anomaly free set of chiral fermions. They sit in adjacent representations of SU (2) W with weak isospin difference ∆I W = 1 2 . This matches with the only spinless field of the SM, the Higgs field, with gauge labels H ∼ (1 c , 2) +1 . 4 However, see comments below.
It is convenient to represent all fermions, i.e., SM quarks and leptons plus new fermions that belong to the DM sector, with two component, left handed, Weyl fields [47] , namely 5 SM quarks :
DM fermions :
SM fermions come in three copies of (2.4) and (2.5) sets of fields. We have added a left-handed antineutrino Weyl field in the SM field content in order to account for light neutrino masses via the seesaw mechanism. Although there may be interesting links between the neutrino and DM sector fields we shall scarcely refer to neutrinos in this article. We assume only one copy of the DM-sector fields in (2.6). Of course, we could also add more singlet fermions either in the SM or in the DM-sector but our intention is to keep the model as minimal as possible.
Physical masses are obtained from the gauge invariant form of Yukawa interactions. Under the assumption-5 above, the whole Yukawa Lagrangian of the model is
where the SM part reads (flavour indices are suppressed): 8) and the available DM-sector interactions are
Note that apart from the first two, the rest will not be allowed under the custodial symmetry. Finally, we assume that possible non-renormalizable operators that are allowed by the discrete symmetry are Planck scale suppressed and do not play any particular role in what follows.
The spectrum
Since there is no-mixing between the mass terms of the SM fermions and the DM sector ones, we solely concentrate on the non-SM Yukawa interactions of eq. (2.9). After electroweak symmetry breaking and the shift of the neutral component of the only Higgs field, H 0 = v + h/ √ 2, we obtain the following mass terms
which by a similarity transformation, brings the lower right 2 × 2 sub-block of M N into a diagonal form,
Note that since Σ is unitary matrix, the eigenvalues of M N and M N are equal. We therefore obtain, that for m 1 = m 2 the charged fermion mass matrix M C becomes the upper-left subblock of the M N in eq. (2.16). Therefore the eigenvalue, M D , decouples from the neutral fermion mass matrix i.e., it is independent of any mixing and therefore any v.e.v, while the rest of eigenvalues of both matrices, M C and M N , are one to one degenerate.
The interactions
We now turn to the interactions between the new fermions and the SM gauge-bosons or the SM Higgs-boson. The latter can be read from eq. (2.9) after rotating fields by exploiting the relations in (2.14). After a little bit of algebra we obtain 7
where
For completeness and especially for loop calculations, we append here the interactions between Goldstone bosons and the new fermions:
Interactions among the new fermions and gauge bosons arise from the respective fermion kinetic terms. Interactions between χ ± and the photon are purely vectorial,
where A µ is the photon field and (−e) the electron electric charge. The Z-gauge boson couplings to both charged and neutral fermions can be read from 8 ,
We use Weyl notation for fermions [47] throughout. 8 Our notation resembles closely the one in Appendix E of ref. [47] 
with s W , c W the sin and cos of the weak mixing angle and g the SU (2) W gauge coupling. Finally, interactions between χ's and W -bosons are described by the terms 26) where the mixing matrices O L and O R are given by
We open a parenthesis here to discuss a comparison with MSSM: mass matrices for neutral and charged fermion in eq. (2.12) remind those of neutralinos and charginos in the MSSM. It is of course trivially understood why this happens: the doublet and the triplet fields possess the same gauge quantum numbers as the higgsino and wino fields, respectively. However, there are two crucial differences: first there is no restriction to add a bino singlet and therefore the minimal M N is a 3 × 3, instead of 4 × 4, simpler matrix and second, and more important, the off-diagonal entries in M N and M C , are not proportional to gauge couplings but to, Yukawa couplings, Y 1 and Y 2 . The latter entries (∼ Y v) can be substantially bigger than the corresponding ones (∼ gv) in the neutralino mass matrix of MSSM. Furthermore, since tan β = 1 is not, in general, a phenomenologically viable case in MSSM, there should always be a factor of hierarchy between the off diagonal entries. This is not necessarily the case here. In fact, the tan β = 1 "blind spot" [22] , is a point in parameter space protected by a custodial symmetry.
A custodial symmetry
It is well known that the Higgs sector in the SM obeys, in addition to the standard electroweak gauge symmetry, a custodial SU (2) R global symmetry. This symmetry is broken explicitly by the hypercharge gauge coupling g , and by the difference between the top-and bottom-quark Yukawa couplings. Similarly, the fermionic DM sector, described by eq. (2.9), obeys also such a symmetry if
where x, y denote SU (2) R group indices and 
The zeroth order eigenvalues of
33b)
while the corresponding eigenvectors are
where the parameter a is given by = M D . 9 The DM particle (χ 0 1 ) has then vanishing coupling to the Higgs boson because in eq. (2.19) it is O 11 = 0. Note that, every neutral fermion has always vanishing diagonal couplings to Z-gauge boson, |O 2i | = |O 3i |, since the two doublets,D 1 andD 2 couple to Z with opposite weak isospin. It is therefore worth examining how eigenvalues and eigenvectors are corrected after switching on to ∆m = 0.
Obviously, in order to find how χ 0 1 couples to Z or h non-trivially, i.e., to find the couplings 
, which is nothing else but the first column of the matrix O in eq. (2.13) is found to be,
where 
Obviously, for sufficiently small mass difference ∆m, the Spin-Independent (SI) coupling (Y hχ 0
) is suppressed by ∆m/m relative to their values away from the SU (2) R -symmetric limit. This maybe the reason why we have not detected DM-nucleon interactions so far. A question arises immediately about the stability of ∆m under radiative corrections. A quick RGE analysis [50, 51] shows that the β-function for ∆m at 1-loop is
where Y t is the top-Yukawa coupling, Y ≡ Y 1 Y 2 , and g 1,2 the hypercharge and weak gauge couplings, respectively. Eq. (2.41) means that ∆m is only multiplicatively renormalized. Therefore, setting ∆m to zero at tree level stays zero at 1-loop and possibly at higher orders 10 because this is a parameter point protected by the global symmetry. From eqs. (2.39) 9 It is easy to show that since (0) 1|Q|1 (0) = 0, there is no correction, up to (∆m) 2 , on m χ 0 1 = MD LP mass. 10 We confirm that this result remains unchanged at two-loops. 
Analytical expressions for the new interactions under the symmetry
As we have already discussed in section 2.1, in the symmetric SU (2) R limit of (2.30), two of the eigenvalues from the charged fermion mass matrix are degenerate respectively with those of the neutral fermion masses given in eqs. (2.33b) and (2.33c),
In addition, it is useful for further reference to present analytical expressions for all new interactions appear in the model. All these new interactions can be simply written in matrix forms containing (at most) one parameter, the real parameter a of eq. (2.35). For example, rotation matrices defined in eq. (2.13) read
The couplings between χ 0 1 , W and χ ± given in eq. (2.27) become explicitly: 
Finally, the Higgs couplings to neutral and charged fermions in eqs. (2.19) and (2.18) are respectively:
while those to Goldstone bosons given in eq. (2.20), can now be simply written as
and
Depending on whether the chiral mass m or the vectorial masses M D and M T are dominant, and for M D > 0, there are two extreme limits for the model at hand
The "Majorana dominance" limit corresponds more or less to the "higgsino-wino" scenario of the MSSM where the first two neutral particle masses are degenerate, while the "Dirac dominance" limit is the imprint of a large Yuakawa coupling in eq. (2.9). It is the latter case that in addition to SU (2) R -symmetry, it is protected by the global U (1) X symmetry. For example, plugging in a = − √ 2 into eq. (2.46), we immediately see that the Higgs couplings to new fermions become diagonal resulting in a vanishing, as long as M D → 0, one loop corrections to the h − χ 0 1 − χ 0 1 vertex, as we qualitatively confirmed in section 2.4 below eq. (2.39), and as we shall see below in section 5.
Composition of the lightest Neutral Fermion
As we showed in eqs. (2.33) and (2.34), in the symmetric limit m 1 = m 2 , the neutral fermion mass matrix M N , can be diagonalized analytically into three mass eigenstates
Following conventional MSSM nomenclature [52] , lets define the "Doublet" composition of the χ 0 i as 
Estimate of Electroweak Corrections
In the limit of large Yukawa couplings, Y = Y 1 = Y 2 1, we generally expect large contributions from the new fermions, χ 0 , χ ± , to (Z, W )-gauge boson self-energy one-loop diagrams. In Due to Z 2 -parity symmetry, at one-loop level, there is no mixing between the extra fermions, χ 0 , χ ± , and the SM leptons. Therefore corrections to electroweak precision observables involving light fermions arise only from gauge bosons vacuum polarisation Feynman diagrams i.e., there are only oblique electroweak corrections. In order to estimate these corrections it is convenient to calculate the S, T and U parameters, in the limit where m χ 0 , m χ ± m Z . This is true when the doublet mass M D , is greater than m Z and m is much greater than m Z (see Fig. 2 ). We shall not consider the case of a light dark matter particle,
Following closely the notation by Peskin and Takeuchi in ref. [53] , we write,
where α = e 2 /4π. In numerics we use input parameters from ref. [54] , the bare value at lowest order s 2 W = g 2 /(g 2 + g 2 ) 0.2312 and the Z-pole mass m Z = 91.1874 GeV. We calculate corrections arising only from the extra fermions,
..2 , to the g µν part of the gauge boson self energy amplitudes, Π IJ ≡ Π IJ (p 2 ), where I and J may be photon (γ),
where s W = sin θ W , c W = cos θ W . We find,
In addition, E ≡ 2 − γ + log 4π − log Q 2 is the infinite part of loop diagrams. The various one-loop functions in eqs. (3.55) are given by
There are numerous useful identities, that will help us to simplify our expressions below. Furthermore, in the exact SU (2) R limit where m 1 = m 2 , there is no isospin breaking inD-components and therefore T = 0, while the S-parameter receives non-zero, non-decoupled, contributions due to the enlarged particle number of the SU (2)-sector. Specifically, in the limit where ) and heavy degenerate other four (two neutral and two charged) fermions, with squared mass x, resulting in
Plugging in eqs. (3.63) into eqs. (3.53) we arrive at the approximate values expressions
This result is also confirmed numerically in Fig. 4 where we draw contours of the S-parameter on M D vs. M T plane (left plot) and on M D vs. m plane (right plot). As it is shown, for large m we obtain S → 1/18π 0.0177 while for m → 0 we obtain S → 0, as expected because in this case only vector-like masses will exist in L DM Yuk of eq. (2.9), that make no contribution to parameter S. Experimentally, we know [54] that when the U -parameter is zero, the parameters S and T which fit the electroweak data are constrained to be S = 0.04 ± 0.09 , (3.65a)
Predictions for the S-parameter shown in Fig. 4a ,b comfortably fall within the bound of (3.65a). In addition, even though it is not shown, the T, U -parameters are always negligibly small.
The Thermal Relic Dark Matter Abundance
As we have seen, V χ 0 1 χ 0 1 with V = W, Z and hχ 0 1 χ 0 1 are forbidden at tree level if χ 0 1 is a pure doublet i.e., m χ 0 1 = M D , in the exact SU (2) R -limit. Therefore, the annihilation cross section for the lightest neutral fermion results solely from the following t− and u−channel tree level Feynman diagrams, shown in Fig. 5 , with neutral or charged fermion exchange, collectively shown as χ i , with axial-vector interactions
All other processes vanish at tree level. This can easily be understood by looking at the matrix forms of O L and Y hχ 0 χ 0 in eqs. (2.45) and (2.46). Before presenting our results for the annihilation cross section it is helpful to (order of magnitude) estimate the thermal dark matter relic density for χ 0 1 s. Consequently, by expanding the total cross section as [52, 55] and keeping only the zero-relative-velocity a-terms we find (for M D = M T ): Fig. 6 . Once again, we assume that particle-χ is a cold thermal relic, and that its mass is about few tens bigger than its freeze-out temperature. Then, universe's critical density times the Hubble constant squared (in units of 100 km/s/Mpc,
Therefore, if the correct cross section, σv ≈ 10 −8 GeV −2 , that produces the right relic density, Ω χ h 2 ∼ 0.1, happens to be below the maximum of σv in Fig. 6 then there are two of its points crossing the observed relic density: one for low M D and one for high M D with the single crossing point being at M D ≈ √ 2m. The mass spectrum of new fermions with high M D exhibits nearly degeneracy in the first two states i.e., m χ = m χ 2 M D . This shares similarities with the MSSM (or more precisely with the Split SUSY with tan β = 1 "winohiggsino" scenario) for higgsino Dark Matter which is well studied and we are not going to pursue further. The other case, on the other hand, with low M D m, exhibits a mass hierarchy between the DM candidate particle (χ) and all the rest (χ j ) particles. It is the suppression factor (m χ /m χ j ) to the fourth power in eqs. (4.67a) and (4.67b) that prohibits the cross section from taking on very large values. It is therefore evident that this low M D scenario can provide the SM with a DM candidate particle with mass M D that lies "naturally" at the EW scale as this suggested by the observation σ ≈ 10 −8 GeV −2 , and is accompanied by heavy fermions few to several times heavier (depending on the value of m) than M D .
Before proceeding further, it is worth looking back at Fig. 2 , the mass difference between the first two neutral states. For m 100 GeV the mass difference is always more than 50% than the lightest mass m χ . This in turn suggests that no significant contributions to Ω χ h 2 are anticipated from co-annihilation effects [25] .
In the end, we have calculated the today's relic density of the neutral, stable, and therefore, DM-candidate particle χ. Our calculation is a tree level one; see however comments below. We also consider the effect on Ω χ h 2 from varying m and M D , with M D = M T , in Fig. 7b . Obviously, the lower the m is the lower the M D should be. For m χ 91 GeV the correct density is obtained for m 140 GeV. As we move to heavier values i.e., m ≈ 300 GeV, M D (which is equal to m χ ), is required to be heavier, but not much heavier, than M Z . However, as we shall discuss in section 7, those heavy values of m are not accepted by the vacuum stability constraint without modifying the model. Consistent Ω χ h 2 with observation is also achieved for negative values of M D in the same region as for positive M D as it is shown in Fig. 8 . (This is the small area for negative M D shown in Fig. 3 where χ 0 1 is Doublet). The M T values where this happens are limited in the mass region smaller than about 120 GeV. The EW S parameter in this region is slightly moved upwards but is still consistent with eq. (3.65a). However, as we shall see below, the M D < 0 region suffers from huge suppression relative to SM in the h → γγ decay rate.
One loop corrections to the annihilation cross section contribute only to the b V -parameter i.e., they are p-wave suppressed, if m χ (m Z +m h )/2. Our estimate, using the crude formula of eq. (5.76) below, shows that one loop induced b V -terms are, numerically, about 10 times smaller than the tree level ones. However, if the above limit is not hold, then (s-wave) aterms are coming into the final σ Ann v. These terms could be of the same order as for the tree level b-terms and, in principle, for a precise Ω χ h 2 prediction, they have to be included in the calculation.
We therefore conclude that, DM particle mass around the EW scale is possible and this requires large couplings of the heavy fermions to the Higgs boson i.e., large m = Y v with Y ≈ 1. and secondarily, relatively low values of triplet mass i.e., M T M D . This scenario can be hinted or completely excluded at the LHC because the couplings of the heavy new fermions (both neutral and charged) to the Higgs and gauge bosons are, in general, not suppressed in the symmetry limit [see discussion in Section 8].
Direct DM Detection
Following the notation of Drees and Nojiri in ref. [56] , the Higgs boson mediated part of the effective Lagrangian for light quark (u, d, s) -WIMP (i.e., the neutral fermion χ 0 1 ) interaction is given by
Note that in this model there are no tensor contributions (at 1-loop level) since χ 0 1 does not interact directly with coloured particles (as opposed to supersymmetric neutralino for example). The next step is to form the nucleonic matrix elements for theqq operator in eq. (5.70) and we write
where m n = 0.94 GeV, is the nucleon mass. The form factors f (n)
T q are obtained within chiral perturbation theory and the experimental measurements of pion-nucleon interaction term, and they are subject to significant uncertainties. f T q for q = u, d are generically small by, say, a factor of O(10) compared to f T s = 0.14 obtained from ref. [57] value which we adopt into our numerical findings here. However, bear in mind that f T s is subject to large theoretical errors [52] -it can be smaller or bigger by a factor of 3 (!).
The Higgs boson couples to quarks and then to gluons through the one-loop triangle diagram. Subsequently, the gluons (G) couple to the heavy quark current through the heavy quarks (Q = c, b, t) in loop. The analogous (q → Q) matrix element in eq. (5.70) for m QQ Q can be replaced by the trace anomaly operator −(α s /12π)G · G to obtain
We are ready now to write down the effective couplings of χ 0 1 to nucleons (n = p, n):
Note that the bigger the f T s is, the bigger the f n becomes. Also note that f (h) q ∝ m q . Furthermore, for f T s 0.14 the second term in eq. (5.73), which is formally a two loop contribution to f n , is about a factor of two smaller than the first one. Under the above assumption for the f T s dominance we obtain f p = f n . In this case, the Spin Independent (SI) elastic scattering cross section at zero momentum transfer, of the WIMP χ 0 1 scattering off a given target nucleus with mass m N in terms of the coupling f p is
The perturbative dynamics of the model is contained in the factor f p and therefore, from eq. (5.73), in f The Higgs coupling to lightest neutral fermions is given in eq. (2.19). In particular, under the custodial symmetry consideration we adopt here, it is obvious from eq. (2.46) , that Y hχ 0 1 χ 0 1 = 0, at tree level. Generic one-loop corrections will be proportional to, g 2 Y /4π ≈ 0.03, which can easily fall in the experimental exclusion region from current direct experimental DM searches for large Y ∼ 1 coupling (see for instance eq.(3) in ref. [22] ). We therefore need to calculate the one loop corrections, δY hχ 0
There is a fairly quick way to get an order of magnitude reliable calculation of δY through the Low Energy Higgs Theorem (LEHT) [58] [59] [60] [61] . Application of LEHT in the region of our interest i.e., m χ 0
, and considering only
Goldstone boson contributions to χ 0 1 one-loop self energy diagrams, results in .76) is always less than 20% of the exact calculation (see below) even though we have completely neglected the non-Goldstone diagrams that are proportional to gauge couplings. It is however a crude approximation which is only relevant when the new heavy fermions are far heavier than the Z, W, h-bosons as well as from the lightest neutral fermion.
In Appendix A, we calculate the exact one-loop amplitude for the vertex h − χ 0 1 − χ 0 1 with physical external χ 0 1 particles at a zero Higgs-boson momentum transfer. A similar calculation has been carried out in ref. [62] for the MSSM and in ref. [63] for minimal DM models. However, due to peculiarities of this model that have been stressed out in the introduction with respect to the aforementioned models, a general calculation is needed. The one-loop corrected vertex amplitude arises from (a) and (b) diagrams 12 depicted in Fig. 9 involving 
Detailed forms, not resorting to CP -conservation, for δY 's are given in Appendix A. We have proven both analytically and numerically that when the external particles χ 0 1 are on-shell, infinities cancel in the sum of the two vertex diagrams in Fig. 9a ,b without the need of any renormalization prescription, and the resulting amplitude -i δY -is finite and renormalization scale invariant.
We have also carried out the one-loop calculation of the box diagrams in Fig. 9c . The effective operators for box diagrams consist of scalar, f q and g (2) q written explicitly for example in ref. [56] . In the parameter space of our interest where M D m, the f
in eq. (5.73), are in general two orders of magnitude smaller than the vertex ones arising from Fig. 9(a,b) , and they are only important in the case where the latter cancel out among each other.
In Fig. 10 we present our numerical results for the SI nucleon-WIMP cross section. The current LUX [3] (XENON100 [2] ) experimental bounds for a 100 GeV WIMP mass is σ (SI) 0 1(2) × 10 −45 cm 2 at 90% C.L. From the left panel of Fig. 10 we observe that in the region where M T M D m the cross section is by one to two orders of magnitude smaller than the current experimental bound. More specifically, in the region where we obtain the right relic density [see Fig. 7a ] the prediction for the σ (SI) 0 is about to be observed only for large values of M T (M T ≈ 400 GeV), while it is by an order of magnitude smaller for low values of M T (M T 100 GeV). There is a region, around M T ≈ 25 GeV, where box corrections, that arise from the diagram in Fig. 9c , on scalar and twist-2 operators become important because the vertex corrections mutually cancel out. However, in this region the cross-section becomes two to four orders of magnitude smaller than the current experimental sensitivity. We also remark that following the Appelquist-Carazzone decoupling theorem [64] , σ (SI) 0 reaches a maximum value, indicated by the closed contour linevalue in the upper left corner, and then starts decreasing for larger M T and M D values. We have also checked numerically that σ (SI) 0 vanishes at M D → 0 as expected from eq. (5.76) and from the U (1) X -symmetry. 13 In Fig. 10b , we also plot predictions for the doublet-triplet fermionic model on SI cross section σ becomes excluded by current searches although vacuum stability bounds hit first. If we compare with the corresponding plot for the relic density in Fig. 7b , we see that the observed Ω χ h 2 is allowed by current experimental searches on σ (SI) 0 but it will certainly be under scrutiny in the forthcoming experiments [4] .
Finally, for negative values of M D consistent with the observed density depicted in Fig. 8 , it turns out that σ
is by a factor of about ∼ 10 bigger than the corresponding parameter space for M D > 0 given in Fig. 10a . In fact, the region of 1-loop cancellations happened for M T ≈ 20 GeV, do not take place for M D < 0. However, within errors discussed at the beginning of this section, this is still consistent with current experimental bounds.
Higgs boson decays to two photons
In the doublet-triplet fermionic model there are two pairs of electromagnetically charged fermions and antifermions, namely, χ Hence, we expect a substantial modification of the decay rate, Γ(h → γγ) relative to the SM one 14 Γ(h → γγ) SM , through the famous triangle graph [58] , involving W -gauge bosons, the top-quark (t) and the new fermions χ
is also real, and we obtain:
where A SM −6.5 for m h = 125 GeV, is the SM result dominated by the W -loop [65] , with τ i = m 2 h /4m 2 i and A 1/2 is the well known function given for example in ref. [66] 15 . The 79) which means that Γ(h → γγ) is smaller than the SM expectation. But how much smaller? In Fig. 11 we plot contours of the ratio (Fig 11a) and (Fig 11b) . Our numerical results plotted in Fig. 11 are exact at one-loop. We observe that the new charged fermions render the ratio less than unity 81) which is always positive for M D , M T > 0 i.e., it adds to the top-quark contribution and subtracts from the large and negative W -boson one resulting in a suppressed R-ratio. If instead we choose M D < 0, then for |M D M T | > √ 2|m|, one can obtain R 1, a situation which is explored in ref. [51] . As can be seen from Fig. 3 however, in this case the DM candidate particle (χ 0 1 ) is not a pure doublet. It is instead a mixed state. (In fact the states |1 and |2 are interchanged in eq. (2.34)). As a consequence, there is a non-zero (and generically large) hχ 0 1 χ 0 1 -coupling already present at tree level, and, bear in mind fine tuning, it is excluded by direct DM search bounds.
By comparing areas with the observed relic density in Figs.7(a,b) we see that, the results for 0.35 R 0.5 shown in Figs. 11(a,b) are within 1σ-error compatible with current central values of CMS measurements [68] (0.78 ± 0.27) but are highly "disfavoured" by those from ATLAS [69] ones, 1.65 ± 0.24(stat) +0.25 −0.18 (syst). The forthcoming second LHC run will be decidable in favour or against this outcomes here. If we assume that M D < 0 and χ 0 1 pure doublet as shown in Fig. 3 , then it is always R < 1. In fact, using the input values from Fig. 8 for the correct relic density, the suppression of R is even higher, 0.25 R 0.35. Alternatively, if we assume that M D is a general complex parameter, then the coupling, Y hχ
, is complex too. In this case one has to add the CP-odd Higgs contribution into eq. (6.78) which is always positive definite. For large phases relatively large M T the ratio R may be greater than one, however, again the direct detection bounds are violated by a factor of more than 10-1000.
Of course, if we increase M D , the parameter space may be compatible with the observed relic density seen in the right side of "heavy" M D -branch in Fig. 6 . However, following our motivation for "only EW scale DM" we do not discuss this region further which is anyhow very well known from MSSM studies.
We therefore conclude that in the doublet triplet fermionic model thermal DM relic abundance for low DM particle mass m χ 0 1 ≈ M Z , consistent with observation [6] and with direct DM searches [2, 3] leads to a substantial suppression (45-75%) for the rate Γ(h → γγ) relative to the SM expectation.
We have also calculated the ratio R for the Higgs boson decay into Zγ. The results are similar to the case of R(h → γγ). In particular, in the parameter space explored in Fig. 11(a) , we observe exactly the same shape of lines with a ratio slightly shifted upwards in the region, 0.4 R(h → Zγ) 0.7. This suppression is due to the same reason discussed in the paragraph below eq. (6.81).
Vacuum Stability
The stability of the Standard Model vacuum is an important issue, so we need to find an energy scale (Λ U V ) where new physics is needed, in order to make the vacuum stable or a metastable (unstable with lifetime larger than the age of the universe). To make an estimate about the Λ U V of the theory, one needs to calculate the tunnelling rate between the false and the true vacuum and impose that the SM vacuum has survived until today 17 . Following ref. [71] , we can see that the bound for the Higgs self coupling, λ, becomes 18 :
where Λ U V is the cut off scale and H is the Hubble constant H = 1.5 × 10 −42 GeV. In order to impose the contstraint (7.82), we also need to find the running parameter λ by solving the renormalization group equations. The one-loop beta functions for the model at hand are given in ref. [50, 51, 72] 19 , and we solve this set of differential equations using as initial input parameters: The result for Λ U V in Fig. 12 is only approximate. Threshold effects, from the physical masses of the doublet, triplet and even the top-quark, together with comparable two-loop corrections to β-functions, which can be found for example in refs. [50, 72] , are missing in Fig. 12 . These effects may change the outcome for Λ U V by a factor of two or so but they will not change the conclusion, that extra new physics is required already nearby the TeV-scale. The form of new physics will probably be in terms of new scalar fields since extra new fermions will make Λ U V even smaller. These scalars may be well within reach at the second run of the LHC [51] but it is our assumption here that they do not intervene with the DM sector.
As far as the (1-loop) perturbativity of the Yukawa couplings Y ∼ 1.2 (for m = 200) and Y t , is concerned, these exceed the value 4π at around the respective scales, 10 9 and 10 10 GeV. Given the modifications of the model that must be performed at Λ U V ∼ TeV scale, the perturbativity bound is of secondary importance here.
Heavy fermion production and decays
The unknown new fermions that have been introduced into this model to accompany the DM mechanism can be searched for at the LHC in a similar fashion as for charginos and neutralinos of the MSSM. Multilepton final states associated with missing energy may arise in three different ways from the decays of new fermion pairs: χ
Production
A recent study at LHC [73, 74] has presented upper limits in the signal production cross sections for charginos and neutralinos, in the process
which is mediated by the W -gauge boson. One can use Fig. 9b from ref. [73] to set limits to the cross section and therefore to constrain the parameter space. This figure fits perfectly into our study since it assumes a) 100% branching ratio for the χ 
where the factors 1/3 and 1/4 arise from colour and spin average of initial states,ŝ,t,û are the Mandelstam variables at the parton level, and
with the coefficients c i being
We let the indices i = 1, 2 and j = 1, 2, 3 free as there is a situation of a complete mass degeneracy between the heavy neutral and charged fermions when M D = M T . Our result in eqs. (8.86 ) and (8.87 ) are in agreement with refs. [47, 75] .
By convoluting eq. (8.86) with the proton's pdfs and integrating over phase space we obtain in Fig. 13 , the production cross section for σ(pp → χ
In the region with correct DM relic density, we obtain typical values varying in the interval (0.07 − 0.2)pb for √ s = 8 TeV. This is about 1400-4000 events at LHC before any experimental cuts assuming 20f b −1 of accumulated luminosity. This is within current sensitivity search and analysis has been performed by ATLAS [73] and CMS [74] for simplified supersymmetric models. Looking for example in Fig. 9b in ATLAS [73] , for the same parameter space as in our Fig. 13 , the observed upper limit on the signal cross section varies in the interval (0.14-1.2) pb. In the region where M D = M T , all heavy fermions are mass degenerate. In this case the total cross section is the sum of all possible production modes χ ± 1,2 χ 0 2,3 , and the total cross section is about 0.15 pb which is on the spot of current LHC sensitivity (0.14 pb) [73] .
Decays
Just by looking at a typical spectrum of the model in Fig. 1 , we see that the heavy fermions can decay on-shell to two final states with a gauge boson and the lightest neutral stable particle. Therefore, the lightest charged and the next to lightest neutral fermions decay like
In our case where χ 0 1 is a "well tempered doublet" there are no-off diagonal couplings to the Higgs boson, like for example hχ 0 1 χ 0 2 . Therefore, particles χ ± 1 and χ 0 2 decay purely to final states following (8.88a) and (8.88b) with 100% branching fractions. The signature at hadron colliders is the well know from SUSY searches, trileptons plus missing energy. Analytically we find the decay widths [47, 76] :
Numerical results for the decay widths for the processes (8.88a) and (8.88b ) in the area of interest are depicted in Fig. 14(a) and (b), respectively. Both decay widths behave similarly.
In the area M D ≈ M T ≈ 100 GeV we observe maximum values Γ ≈ 3 GeV. As M T is increases or decreases, the widths get smaller than 1 GeV. This is easily understood if we look back at the mass difference |m For heavier charged fermions, new decay channels include
that are mostly kinematically allowed in the low M D ≈ 100 GeV but high M T 220 GeV regime. For the heavier neutral particles, if kinematically allowed they would decay to W, Zgauge bosons and/or the Higgs boson,
Conclusions and Future Directions
Our motivation for writing this paper is to import a simple DM sector in the SM with particles in the vicinity of the electroweak scale responsible for the observed DM relic abundance, preferably not relying on co-annihilations or resonant effects, and capable of escaping current detection from nucleon-recoil experiments. Meanwhile, we study consequences of this model in EW observables and Higgs boson decays (h → γγ, Zγ) and other possible signatures at LHC.
This SM extension consists of two fermionic SU (2) W -doublets with opposite hypercharges and a fermionic SU (2) W -triplet with zero hypercharge. The new interaction Lagrangian is given in eq. (2.9), and contains both Yukawa trilinear terms together with explicit mass terms for the doublets and triplet fields. Under the assumption of a certain global SU (2) Rsymmetry, discussed in section 2.3, that rotates H to H † andD 1 toD 2 , the two Yukawa couplings become equal with certain consequences that capture our interest throughout this work. After electroweak symmetry breaking this sector widens the SM with two charged Dirac fermions and three neutral Majorana fermions, the lightest (χ 0 1 ) of which plays the role of the DM particle. Under the symmetry assumption and for Yukawa couplings comparable to top-quark, the lightest neutral particle (χ 0 1 ) may have mass equal to the vector-like mass of the doublets, M D , and its field composition contains only an equal amount of the two doublets [see Fig. 3 ]. As a result, the couplings of the Higgs and the Z bosons to the lightest neutral fermion pair vanish at tree level.
Within this framework we observe in Fig. 7 , that Ω χ h 2 , is in accordance with observation [eq. (4.69)] provided that the parameters of the model, M D , M T and m, lie naturally at the EW scale i.e., without the need for resonant or co-annihilation effects. Moreover, the χ 0 1 -nucleon SI cross section appears at one-loop, turns out to be around 1-100 times smaller than the current experimental sensitivity from LUX and XENON1T as it is shown in Fig. 10 . In addition, we find that the oblique electroweak parameters S, T and U are all compatible with EW data fits as it is shown in Fig. 4 , a result which is partly a consequence of the global symmetry exploited.
We also look for direct implications at the LHC. We find that the existence of the extra charged fermions reduces substantially the ratios of the Higgs decay to di-photon (see Fig. 11 ) and to Zγ w.r.t the SM. This is a certain prediction of this scenario that cannot be avoided by changing the parameter space. For very large Yukawa coupling, this reduction maybe of up to 65% relative to the SM expectation as we obtain from Fig. 11 . Furthermore, the production and decays of those new charged/neutral fermion states, is within current and forthcoming LHC reach. Decay rates for some of these states are shown in Fig. 14. We should notice here that the minimality of the Higgs sector together with the Z 2 -parity symmetry preserves the appearance of new flavour changing or CP-violating effects beyond those of the SM, for up to two-loop order (for a nice discussion of effects on EDMs from the charged fermions, see ref. [48] ).
On top of collider/astrophysical constraints, we made an estimate of the consequences of the new states to vacuum stability of the model. The 1-loop result for the UV cutt off scale, above which the model needs some completion, is given in Fig. 12 . We see that for the parameter space of interest, new physics, probably in the form of new, supersymmetric, scalars is needed already nearby the TeV or multi-TeV scale to cancel fermionic contributions in the quartic Higgs coupling. For example, this solution may take the form of an MSSM extension withD 1,2 and T superfield (extensions with a triplet superfield have been explored in ref. [77] ).
In summary, in this work we basically studied the synergy between three observables: Ω χ h 2 , σ SI 0 , and R(h → γγ), in a simple fermionic DM model. If charged fermion states are discovered at the second run of LHC and are compatible with Ω χ h 2 with m χ ∼ m Z , then R(h → γγ) has to be suppressed i.e., R will turn towards the CMS central value. If instead R(h → γγ) 1 is enhanced, then the DM particle is heavy, m χ ∼ 1 TeV, or otherwise excluded by direct DM detection bounds. If R ∼ 1, then one has to go to large M T values where, however, Ω χ h 2 is only barely compatible with m χ m Z . In this latter case, the mass of the DM particle may be below the EW gauge boson masses. However, in this case an entire new analysis is required.
Apart from studying the regime with mass m χ lower than M Z , this work can be extended in several ways as for example, to investigate the role of CP -violating phases of M D on baryogenesis. Indirect DM searches could be also an interesting avenue together with extensions of the Higgs sector. We postpone all these interesting phenomena for future study. 
where the integrals, I V
